Environmental context. Five years ago a well-cited review of the sources and fate of perfluorinated carboxylates was published. The findings of that review are revisited here in light of recently published measurement and modelling studies of the sources and fate of these compounds, and an attempt is made to reconcile the many seemingly disparate findings reported. This review also aims to provide a road map for future research on the sources and fate of perfluorinated carboxylates and related compounds.
Introduction
The long-chain perfluorinated carboxylates (PFCAs) (C n F 2nþ1 COOH, n 4 7) are global contaminants of concern due to their widespread presence in wildlife [1] and humans, [2] persistence, [3] bioaccumulative potential [4] and toxicity. [5] In order to understand how wildlife and humans are exposed, it is important to quantify source emissions. Global historical emission estimates for PFCAs were first made 5 years ago by Prevedouros et al. [6] The study divides emissions of PFCAs into two source categories; releases from direct and indirect sources. Following the definition of Prevedouros et al., [6] direct emission sources are those that come from the manufacture, intentional use and disposal of PFCAs throughout their product life-cycle. For example, emissions from the manufacture, use and disposal of PFCAs are direct sources. Indirect sources are emissions of a given PFCA that is present as an impurity in a product, or formed by degradation (in the environment, wildlife or humans) of a precursor substance (e.g. PFCA formed from the atmospheric degradation of perfluorooctane sulfonamido ethanol or from the biotransformation of a fluorotelomer alcohol). The estimates of Prevedouros et al. [6] suggested the predominance of direct emission sources for PFCAs, [6] particularly from manufacturing of fluoropolymers. Prior to this study, the degradation of volatile precursor compounds such as fluorotelomer alcohols had been postulated as the major source of PFCAs in the environment [7] and is still considered by many researchers to have a large contribution to global sources of PFCAs. The work of Prevedouros et al. [6] clearly showed that when considering the amount of chemical that is presently in the environment, one must consider the historical emissions (starting from c. 1950) and not just what is being released today. It was hypothesised that most of the PFCAs released historically reside in the world's oceans where they will only be slowly 'removed' by vertical mixing into the deep oceans. It should be noted that the conclusions in Prevedouros et al. [6] were biased by the fact that total PFCA releases have been dominated by perfluorooctanoic acid (PFOA), which was used as production aid in the manufacture of polytetrafluoroethylene (PTFE). When considering emissions of individual homologues, the relative proportions of direct and indirect sources may differ from those of the total PFCA emissions.
Concerns about rising concentrations of PFOS (perfluorooctane sulfonate) and PFOA in human blood and consequent risks prompted one large US manufacturer (3M Co.) to announce the phase-out of production of perfluorooctane sulfonyl fluoride (POSF)-based products, including PFOA, in May 2000. [8] Since then PFOS has been listed in Annex B of the Stockholm Convention (i.e. its uses are restricted), although it is noted that there are numerous exceptions for the use of PFOS in continued industrial applications. Recently, many major PFCA, fluoropolymer and fluorotelomer manufacturers committed to reduce industrial emissions and presence in sales products of PFOA, potential precursors and higher homologue chemicals by 95% by the year-end 2010 as well as to work towards elimination of these chemicals by 2015. [9] There has been a trend in the fluorochemical industry to replace longer chain homologues with compounds containing shorter perfluorinated chains (e.g. the 3M Co. replaced PFOS with perfluorobutane sulfonate (PFBS)). The reasoning is that although these shorter chain compounds are equally persistent, they are much less bioaccumulative. [4, 10] This study aims to re-evaluate the findings of the previous critical review of Prevedouros et al. [6] in light of recently published measurement and modelling studies of the sources and fate of PFCAs. To this end we carefully reconcile recently published modelling and measurement studies with the hypotheses previously presented in Prevedouros et al. [6] This is done in several ways, namely: (a) by considering whether there is a mass balance between the amounts of PFCAs and their precursors estimated to have been released globally and the inventories in the environment; (b) by determining if the spatial distribution of PFCAs in the environment is consistent with manufacturing sites being the major sources of PFCAs; (c) by comparing homologue patterns of PFCAs observed in the environment, wildlife and humans with amounts of homologues estimated to be released; (d) by comparing isomer patterns in production sources with isomer patterns observed in the environment; and (e) by determining if time trends in the environment, wildlife and humans are consistent with time trends that we would expect from our understanding of sources, transport and fate. Throughout the review, we highlight areas where additional research is needed.
Abbreviations are often used for the perfluoroalkyl substances discussed in this review. A list of abbreviations is included in Table A1 of the Accessory publication (see http://www.publish.csiro.au/?act¼view_file&file_id¼EN10144_ AC.pdf).
Review of emission estimates for PFCAs
Total global historic PFCA emissions estimates were reported in Prevedouros et al. [6] and in Armitage et al. [11] projected PFOA emission estimates were made (2005-2050) based on reduction commitments made by industry. We will not repeat details of these calculations here and instead refer readers to these earlier publications. The global historical industry-wide emissions of total PFCAs from 14 known sources comprising direct (manufacture, use, consumer products) and indirect (either PFCA impurities or precursors) sources were estimated to be 3200-7300 t. Prevedouros et al. [6] estimated that direct sources account for ,97% of total historical emissions of PFCAs and of these manufacture of ammonium perfluorooctanoate (APFO) and ammonium perfluorononanoate (APFN) and their use in fluoropolymer (FP) manufacturing accounts for ,93% of total historical emissions. Armitage et al. [12] provided an estimate of the historical PFCA homologue composition for manufacture and use of APFO and APFN in FP manufacturing. In Fig. 1 we provide the estimated historical emissions (1951-2010) of PFCA homologues from APFO manufacture and use, APFN manufacture and use, and from APFO plus APFN manufacture and use. The original data for generating these figures were taken from Armitage et al. [12] and we provide the full dataset in the Accessory publication. The estimated homologue profiles for APFO and APFN used to estimate the emissions are based on analysis of PFCA homologues in the commercial products (Fluorad FC-143 and Surflon S-111) used in FP manufacturing. [6] We use the information contained in Fig. 1 later in the paper to determine if homologue patterns in sources match up to those observed in the abiotic environment and in biota and humans after Estimated historical emissions of PFCA homologues from manufacture and use of ammonium perfluorooctanoate (APFO), ammonium perfluorononanoate (APFN) and sum of APFO and APFN. [12] (See the Accessory publication Table A2 for source data.) correction for bioaccumulation potential. If direct sources are as dominant as estimated by Prevedouros et al., [6] then the homologue patterns of APFO and APFN or the mixed direct source profile should be reflected in the environmental samples.
Prevedouros et al. [6] assumed that the majority of PFCA sources, manufacture and use emissions occurred and will continue to occur in the northern hemisphere. Will et al. [13] provided a comprehensive analysis of the location and production capacity of 33 FP manufacturing facilities throughout the world for the year 2005. All of the plants listed were in the northern hemisphere; 10 were located in the US, seven in China, six in Japan and most of the rest were in Western European countries. The overall continental distribution of fluoropolymer manufacturing capacity was respectively 44, 27 and 29% for North America, Europe and Russia and Asia. It is noteworthy that the proportion of manufacturing in Asia had increased compared with a previous marketing report by Ring et al. [14] Although no known manufacture of PFCAs occurred in the southern hemisphere, industrial and consumer use of products from both direct and indirect PFCA sources has occurred and continues in South America and Australia [15, 16] and presumably in other locations. We later determine if this spatial distribution of major emission sources is consistent with observations.
Mass balance modelling
In the same paper that the source estimates of PFCAs were published, [6] some simple calculations were presented to determine if global emissions balanced with global inventories of PFOA in environmental media. It was determined that the oceans contained most of historically released PFOA and that emissions balanced reasonably well with estimated inventories in the oceans. The publication of the source emissions for PFCAs allowed modellers to undertake more sophisticated fate and mass balance calculations using computer models. Since the emission data were published, several modelling papers have followed. These modelling studies either simulate the fate of the PFCAs from direct release only [11, 12, 17, 18] or simultaneously model the fate of precursor chemicals and PFCAs (from either direct release or precursor degradation). [19] [20] [21] [22] Below we review these modelling studies and explain what each has contributed.
The first published modelling study reported a global-scale model simulation of the fate and transport of PFOA emitted from direct sources conducted using a latitudinally resolved model (GloboPOP). [11] The justification of modelling only direct releases was that they were considered to be by far the most important source category and could account for the majority of PFCAs present in the environment according to Prevedouros et al. [6] PFOA emission estimates between 1950 and 2004 were taken from Prevedouros et al. [6] and in addition, projected PFOA emission estimates were made (2004-2050) based on reduction commitments made by industry. It was assumed that the fate and transport of this substance could be represented by the anion (PFO) because the majority of the compound (499%) was expected to be in the ionised form in the environmental media included in the model (e.g. fresh and ocean water, soils, sediments). The main purpose of the initial study was to evaluate emission estimates and model performance through comparisons between modelled and observed concentrations in surface ocean waters, the compartment representing the most significant global reservoir in terms of contaminant mass. There was reasonable agreement between modelled and observed concentrations in the oceans, which supported the plausibility of the historical emission estimates, the dominance of direct emissions and importance of the oceans as the principal recipient storage medium as well as vector to the Arctic. However, several limitations were noted in this initial study, namely precursor compounds were not included in the simulations, substantial overestimation of observed concentrations in the central Pacific Ocean suggested the potential value of adopting a more spatially resolved model, and only the anion (PFO) was explicitly modelled, whereas in reality, both the neutral and anionic forms will be present in the environment. The first limitation was addressed by Wallington et al., [19] Wania, [20] Schenker et al. [21] and Yarwood et al., [22] who all included precursor compounds in model simulations. The studies of Wallington et al. [19] and Yarwood et al. [22] used spatially and temporally resolved atmospheric models to simulate the transport and degradation pathways of FTOHs in the atmosphere alone. Wallington et al. [19] used the IMPACT model including a detailed treatment of FTOH atmospheric degradation mechanism to estimate degradation of FTOHs via reaction intermediates to form PFCAs, and modelled atmospheric transport of PFCAs and FTOHs. Wallington et al. [19] used a simple estimate of global emissions of FTOHs (1000 t year À1 ) and made no attempt to compare their predicted concentrations with atmospheric monitoring data. They report a calculated 8 : 2 FTOH air concentration value of '0.5-5 Â 10 5 molecules cm À3 in remote ocean and Arctic locations in the northern hemisphere', which converts to 38-385 pg m À3 . This is clearly much higher than the measured air concentrations in this area (5.8-26 pg m À3 ) reported by Shoeib et al. [23] and suggests that the emission estimate in the model was at least a factor of five too high. Yarwood et al. [22] used a highly spatially and temporally resolved model of the North American continent incorporating a detailed treatment of FTOH atmospheric degradation mechanisms to simulate FTOH degradation via intermediates to PFCAs and model atmospheric transport of PFCAs and FTOHs. The higher spatial and temporal resolution provided an enhanced ability to distinguish spatial regions with high and low concentrations of atmospheric nitrogen oxides (NO x ). This is important as PFCA formation via the gas-phase oxidation of FTOH is known to be sensitive to local NO x concentrations. [7] A bottomup emission inventory for PFCAs and FTOHs was developed from sales and product composition data. Predicted FTOH air concentrations were in good agreement with available monitoring data, providing confidence in North American emission estimates, which were also consistent with emissions of FTOHs included in Prevedouros et al. [6] In order to incorporate degradation of precursors to PFCAs in multimedia models such as GloboPOP and CliMoChem, a simplified treatment of atmospheric degradation and transport was used. Degradation was calculated using a first-order degradation rate of the parent precursor species and overall degradation yield for transformation from the parent precursor to end product (i.e. PFCA). Wania [20] redid the multimedia modelling simulations of Armitage et al. [11] using GloboPOP, but also included emission, transport and degradation of FTOHs to PFCAs in the mass balance. Model estimated FTOH concentrations agreed well with measurements and model estimated atmospheric deposition fluxes of PFO to the Arctic Ocean were orders of magnitude lower than those entering via ocean transport. Wania [20] also showed that PFCAs have a relatively high Arctic contamination potential (as measured by ACP 10 ), ,10 times higher than the ACP 10 related to transport and degradation of FTOHs. In another global modelling study using CliMoChem, Schenker et al. [21] Sources and fate of perfluorinated carboxylates simulated and compared the importance of two classes of precursors (perfluorooctyl sulfonamidoethanols (FOSEs) and FTOHs) for PFO deposition to the Arctic. The model predicted that modelled deposition fluxes of PFO to the Arctic originating from FOSEs and FTOHs were of a similar magnitude prior to 2002 before the major manufacturer phased out POSF-based production. Modelled air concentrations of FOSEs were shown to decrease rapidly after phase-out, whereas modelled FTOH concentrations did not decline between 2001 and 2006. Interestingly, the modelled air concentrations for FOSEs did not agree with field measurements, indicating that the sources of FOSEs to the atmosphere are not entirely understood. This finding will be further discussed in the section on temporal patterns.
Further limitations of the initial modelling study of Armitage et al. [11] were addressed in a later study [12] that investigated the global-scale fate and transport of PFOA by conducting a series of model simulations using a multispecies global-scale model (a modified version of BETR-Global) with both latitudinal and longitudinal resolution. Atmospheric transport has previously been discounted as a likely LRT mechanism for long-chain PFCAs, in part because they were assumed to exist almost exclusively as anions in the environment based on measurements and calculations of pK a , primarily performed for PFOA, ranging from 0 to 2.8. [24] [25] [26] [27] [28] However, the pK a of PFOA was more recently estimated to be ,3.8 at infinite dilution using potentiometric titration. [29] Although the pK a of PFOA at environmentally relevant concentrations remains controversial, [30] [31] [32] [33] it is now recognised that the role of the neutral acid cannot be completely neglected in environmental fate models. As the neutral acid has an appreciable vapour pressure, it is subject to surface-air exchange processes and will also be present in the gas-phase of the atmosphere. It is known that PFOA is emitted directly to the atmosphere at fluoropolymer manufacturing sites. [34] The model simulations in Armitage et al. [12] suggested that the atmospheric transport of directly emitted PFOA can deliver this substance via atmospheric deposition to terrestrial environments remote from sources. We revisit this hypothesis in the next section when we consider the spatial distribution of PFCAs in the environment.
Consistent with previous studies, Armitage et al. [12] found that ocean transport was the dominant pathway for delivering PFOA associated with direct sources to the Arctic marine environment, regardless of model assumptions. Although the spatial resolution and description of ocean transport were greatly improved in the modified BETR-Global model relative to earlier studies, it was still highly simplified relative to more detailed ocean transport models. It was therefore encouraging that model simulations undertaken with a highly spatially resolved ocean transport model, [18] using similar physicalchemical input values as in the BETR-Global study, provided estimated concentrations and fluxes to the Arctic Ocean that were in very good agreement with the earlier modelling results.
The multispecies modelling results for PFOA from Armitage et al. [12] raised the possibility that direct sources of other PFCAs contribute to the contamination of both terrestrial and marine environments through atmospheric LRT of neutral species. A follow up study was therefore undertaken [17] to model the multispecies fate of PFOA to PFTrA emitted from direct sources. Emission estimates for PFCA homologues were extracted from information provided in Prevedouros et al. [6] Model simulations for PFOA, PFNA, and PFUnA indicated that mass fluxes to the Arctic marine environment associated with oceanic transport were in excess of mass fluxes from atmospheric transport of precursor substances and subsequent degradation to PFCAs. Although modelled concentrations of PFOA and PFNA were consistent with what one observes in surface ocean waters and in biota, it was not possible to conduct mass balances for other compounds owing to lack of ocean water data for homologues greater than PFNA. It was also not possible to reconcile modelled concentration ratios of PFDA to PFUnA with wildlife biomonitoring data. We revisit these findings in more detail in a later section of this paper, which discusses homologue patterns in monitoring data.
Spatial distribution of PFCAs in the environment
Two main hypotheses have been put forward regarding the dominant sources of PFCAs to the global environment. One hypothesis, the 'indirect hypothesis', is that PFCAs in the environmental largely originate from the abiotic or biotic transformation of precursor compounds. In contrast, the 'direct hypothesis' postulates that the presence of PFCAs in the environment is largely due to direct emissions (those resulting from manufacture and use of PFCAs). [6] Supporters of the direct hypothesis have noted that even directly released PFCAs can be transported via the atmosphere or via oceanic currents. [6, 11, 12, 17] Although proving to be useful concepts for driving the research of PFCAs in the environment, the division into two diametrically divergent hypotheses is overly simplistic. More realistically the relative importance of each source type will depend on the environment and PFCA homologue being studied. Here we consider in turn the relative importance of direct and indirect sources to: (a) different hemispheres; (b) the oceans; (c) rivers; (d) inland areas; and (e) the atmosphere.
All known manufacturing of PFCAs occurs in the northern hemisphere. However, products containing PFCAs have been used in the southern hemisphere so we can expect PFCAs to be present in the environment, although at lower concentrations compared with the northern hemisphere. If direct sources are the dominant source category we should expect a large gradient in observed concentrations in ocean water on either side of the equator. Indeed, measurements of PFCAs in the oceans in the northern and southern hemispheres [35, 36] have revealed that PFCAs can only be detected in oceans north of the equator. However, due to the lower population of the southern hemisphere, concentrations of volatile precursors in the remote environments originating from consumer products should also be lower in the southern hemisphere. Again our understanding is consistent with measurements. Air concentrations of volatile precursors (fluorotelomer alcohols (FTOHs) as well as N-alkylated fluorooctane sulfonamides and sulfonamidoethanols) are on average a factor of ten higher in the remote atmosphere of the northern hemisphere (maximum concentra- ). [37] Despite the lower environmental concentrations present in the southern hemisphere, PFCAs have been detected in the serum of Australians at similar levels to humans in industrialised countries in the northern hemisphere, indicating that either localised environmental or consumer exposure from product use are similar in industrial societies in both hemispheres. [15, 16] Within the northern hemisphere, as direct emissions to surface waters have occurred for many decades, it can be expected that a large proportion of water soluble PFCAs have been transported to the oceans. Modelling studies [11] support this hypothesis and suggest that the majority of global historical emissions of PFCAs, which are dominated by direct sources, reside in the oceans. Armitage et al. [12] undertook a spatially resolved global modelling exercise and showed that ocean coastal regions in proximity to point sources on US East Coast, North Sea and seas surrounding Japan have higher estimated ocean water concentrations of PFOA and PFNA than open sea areas. This simulated pattern of ocean contamination is confirmed by ocean monitoring data. [38, 39] Ocean transport is a slow process with mixing occurring over decades. Modelling studies predict that if emissions of PFCAs are effectively eliminated the concentrations in different regions will not converge until the end of the 21st century. [11] McLachlan et al. [40] measured PFOA in major European rivers and determined that most rivers were not affected by direct manufacturing sources. In the one case where a fluoropolymer manufacturing plant was located on the River Po, it was clear that this was the major source of PFOA. Indeed McLachlan et al. [40] estimated that the River Po discharge accounted for two-thirds of the riverine outflow of PFOA in Europe. Rivers to which there are no known direct manufacturing discharges have been shown to contain PFCAs in the range 0.26 to 60.0 ng L À1 (sum PFCAs). [40] Although the study by McLachlan et al. [40] provides support for the direct hypothesis, it also illustrates that there are widely distributed non-point sources of PFOA that contribute to the contamination of European rivers. PFCAs can enter rivers from a combination of wastewater input from municipal and industrial sources as well as urban runoff from precipitation. [41] [42] [43] [44] A recent Japanese study [45] concluded that loadings of PFOA from runoff to rivers were greater than or equal to the loadings from wastewater treatment plants. PFOA present in street dust from urban sources may contribute an additional loading to runoff. Murakami et al. [43] showed that PFOA concentrations were significantly higher in surface runoff than in rainfall, suggesting that PFOA in urban runoff is partially derived from dust deposited on impervious surfaces. Clara et al. [46] analysed PFCAs in wastewaters from municipal and industrial facilities. PFCAs were found in nearly equal concentrations in municipal and industrial wastewaters (14-459 and 3-664 ng L À1 respectively ( P (PFHxA to PFDoA)). The origin of PFCAs in municipal wastewaters is likely from residual PFOA in fluorinated polymeric products and degradation of residual precursors still used in household products such as stain repellents and waterproof and greaseproof paper coatings, and in the cases where it is not separated, from urban runoff. Maybe surprisingly, effluents from textile and paper industries did not result in significantly elevated concentrations of PFCAs compared with municipal wastewater. [46] Even rivers and lakes that do not have wastewater inputs have been found to be contaminated with PFCAs from precipitation and runoff. [47] [48] [49] [50] For example, concentrations of the sum of PFCAs have been reported in precipitation in Northern Germany at 0.7 to 41.9 ng L À1 by Dreyer et al., [49] and Kwok et al. [47] reported that the average total PFCAs concentrations ranged from 1.4 to 15.2 ng L
À1
. Remote inland environments (including inland lakes [51, 52] and the High Arctic [53] ) only receive inputs from the atmosphere. Above we mentioned that PFCAs are present in precipitation and thus these inland areas are not free from contamination. However, the concentrations are an order of magnitude lower than in areas with wastewater input. [40] The ultimate source of PFCAs in the atmosphere is uncertain. There still remains the possibility that atmospheric PFCAs can be derived by either direct release from manufacturing facilities and subsequent atmospheric transport or from precursor release, transport and degradation. Recently, marine aerosol transport has also been proposed, [54, 55] although this has been estimated to be of minor importance on a global scale. [12] Armitage et al. [12, 17] have shown that atmospheric transport of PFCAs released from manufacturing sources could be a previously underestimated transport pathway. The relative importance of either indirect or direct atmospheric transport pathways for PFCAs is difficult to estimate using models because of controversy surrounding the concentration dependence of the acid dissociation constant (pK a ). [30] A growing body of theoretical [30] [31] [32] and experimental [33, 56] evidence contradicts the proposed monomeric pK a of 3.8 for PFOA. [29] It has been shown [32] that long-chain PFCAs form premicellular aggregates (or dimers) at relatively low concentrations, which may cause an increase of their pK a to somewhere between 2 and 3, in agreement with historical measurements. [24] [25] [26] [27] [28] A recent study by Kaiser et al. [57] demonstrated a pH dependent water-air transfer of PFOA from acidic process sumps consistent with an aggregated pK a of 2.8. Thus, due to aggregation or dimerisation of long-chain PFCAs increasing the pK a , there may be some direct atmospheric transport of PFCAs and non-negligible amounts of neutral PFOA may partition to the gas phase. To date PFCAs have not been measured in the gas phase in ambient air. Although they may be present there, sampling gas phase PFCAs using traditional high volume sampling methods is not possible because PFCAs sorb strongly to the glass fibre filters. [58] Innovative measurement techniques for elucidating gas-particle partitioning of PFCAs are needed.
It is interesting to note that levels of volatile precursors of PFCAs [7, 19, 59] and levels of PFCAs in precipitation [47] [48] [49] are observed to be highest near to urban areas, suggesting that urban areas are sources of PFCAs to the atmosphere. Previous models that included precursors [21] were able to predict levels of selected precursors in the background atmosphere but underpredicted levels of PFOA observed in atmospheric deposition by an order of magnitude. [47, 48] If there is direct atmospheric release and transport of PFCAs from fluoropolymer manufacturing plants, higher levels of PFCAs would be expected in precipitation near to the plants. There are studies showing that fluoropolymer plants are a source of PFCAs to the atmosphere [34] ; however, monitoring around these plants has been limited and the importance of this atmospheric source has not been properly elucidated. It is thus currently not possible to determine if model underestimation of precipitation levels in Schenker et al. [21] are due to (a) not considering direct atmospheric sources of PFCAs or (b) not including all relevant precursor compounds contributing to PFCA atmospheric levels. Thus, the sources of PFCAs to either air or precipitation is an area where more research is needed.
Homologue patterns in abiotic and biotic environmental samples
In the following sections, PFCA homologue patterns observed in surface waters (rivers, lakes and marine waters), groundwater, drinking water, wastewater, sediments, precipitation and biota are reviewed and compared with the patterns in our source estimates. Tables and figures summarising these data are included in  the Accessory publication (see Tables A3-A5 therein) . It is important when doing any comparison that the relative importance of point-source inputs and diffuse inputs at the sampling location is considered. It is probable that homologue patterns in Sources and fate of perfluorinated carboxylates environments affected by point sources (e.g. spill of aqueous film forming foam (AFFF), manufacturing emission, etc.) will be quite different to environments affected by diffuse sources only (e.g. atmospheric deposition resulting from long-range atmospheric deposition). Ocean waters are considered to be the best environmental medium for comparing homologue source profiles of total global emissions, because the oceans are the ultimate reservoir for the majority of PFCAs historically released.
Natural waters
Surface water concentrations of PFCAs have been reported for PFCA homologues in rivers, lakes, drinking waters, marine waters, wastewaters and ground waters. [39] Concentrations reported are typically for PFHxA, PFHpA, PFOA and PFNA, although a few studies have reported concentrations for longer chain length homologues (Fig. 2) . Ocean water data display a distinct PFOA 4 PFNA pattern in the Atlantic Ocean as well as the Western Pacific, with PFOA levels typically being approximately a factor of five higher than PFNA levels. [36, 38, 60, 61] Few data points are available for other PFCA homologues in the open ocean as the concentrations are generally non-detectable with current analytical techniques. Some data have recently become available for PFDA, PFUnA, [35] but the number of samples reported are currently too few to make meaningful comparisons with source homologue profiles. It is hoped that in the near future a larger quantity of reliable ocean water data will become available for the long-chain homologues, which will provide an ideal dataset for testing the reliability of PFCA emission estimates. Coastal waters of Europe, North America and China display higher concentrations compared with the open ocean although with a similar PFOA : PFNA ratio indicating that the homologue pattern of continental water discharge is conserved in the open ocean. Interestingly, water samples from Japanese coastal areas and Tokyo bay display a somewhat different homologue pattern (PFNA 4 PFOA and PFUnA 4 PFDA) indicating a regional variability in sources. [62, 63] The observed homologue pattern in Japanese coastal waters may reflect the presence local APFN sources in line with the predicted emission estimates of Prevedouros et al. [6] In contrast to the estimated source emission profile, PFHxA and PFHpA have been reported in coastal waters [64] and river water [40] at concentrations comparable to those of PFOA within a factor of 2-5. Sources of PFHxA and PFHpA cannot be quantitatively explained by the current emission source understanding, but may include: (i) impurities from direct releases of PFCAs from fluoropolymer Homologue patterns in monitoring data covering the homologues of interest and selected from Rayne and Forest [39] ; (a) various drinking water, Italy [110] ; various well water, California, USA [111] ; municipal waste water effluent, Austria [112] ; coastal area, Japan [63] ; (b) various lakes, northern United States [52] ; Lake Maggiore, Italy [110] ; Yangtze River, China [113] ; various rivers, Italy [110] ; various lakes, Nevada, United States. [44] (See the Accessory publication Table A3 for source data.) manufacturing and and post-manufacture processing (Fig. 1); (ii) PFCA impurities in perfluorohexane sulfonate or 6 : 2 fluorotelomer sulfonate both used in AFFF; or (iii) atmospheric or microbial degradation of precursors containing a six carbon perfluoroalkyl moiety (e.g. 6 : 2-FTOH). Interestingly, Ahrens et al. [35] observed a strong (r ¼ 0.989) statistically significant (Po0.01) correlation between concentrations PFHxA and PFOA in ocean water samples from the East Atlantic ocean, indicating that these compounds have a common source.
In lake, river and drinking water, PFOA has often been reported at concentrations an order of magnitude higher than levels of PFNA, which is consistent with the overall source pattern estimates (Fig. 1) . In the presence of point sources, a PFOA : PFNA ratio of ,100 has been observed [40] possibly indicating a more pronounced APFO input. In contrast to the estimated source emission profile, PFHxA and PFHpA have been reported in fresh and coastal waters at levels comparable to, or much higher than PFOA. PFHxA and PFHpA are typically either not measured or detected or reported to be at similar or even higher concentrations (respective levels of PFHxA and PFHpA as high as 372 and 149 mg L À1 have been reported near an air force base). [39, 40] Examination of these studies in more detail revealed that high PFHxA and PFHpA levels were often found at locations associated with obvious point sources of PFCAs (e.g. air force bases where AFFF is used or wastewater treatment plants).
Sediments
Several studies have reported PFCA concentrations in sediments. [64] [65] [66] [67] [68] [69] [70] [71] [72] Some studies reported higher concentrations of PFHxA than PFOA and PFDA [67, 68, 73] indicating point sources of PFHxA similar to observations in surface waters. Only Higgins et al. [69] Ma and Shih [67] and Zushi et al. [65] reported a wide range of long-chain PFCA homologues and these studies show inconsistent homologue patterns. For example, Higgins et al. [69] concludes that PFCAs with an even number of carbons dominate with PFOA 4 PFHxA 4 PFDA, whereas Zushi et al. [65] find that PFCAs with odd carbons dominate with PFTrA 4 PFUnA 4 PFNA 4 PFOA 4 PFDoA 4 PFDA 4 PFHpA 4 PFHxA. The Higgins et al. [69] study from the San Francisco Bay cannot be reconciled with direct source patterns ( Fig. 1) even if sediment sorption is taken into account. It has been shown that the PFCA sorption increases by a factor of ,3.5 for the addition of each successive CF 2 moiety. [74] The study of Zushi et al. [65] undertaken in the Tokyo Bay is more consistent with the results expected from a sediment affected by direct sources.
Biota
A comprehensive review of PFCA biological monitoring data was presented by Houde et al. [75] although a considerable number of studies have been published since. We present a selection of PFCA homologue patterns for various species in Fig. 3 .
A trend where odd carbon number homologue concentrations are higher than the next lower even homologue (e.g. PFNA 4 PFOA; PFUnA 4 PFDA; PFTrA 4 PFDoA) would be expected based on the homologue pattern in the sources (Fig. 1) . This pattern has been observed in some biota (Fig. 3) , but the fact that PFDA and PFUnA, as well as PFDoA and PFTrA, are often found at similar concentrations in biota inhabiting both source and remote regions (Fig. 3 ) cannot be reconciled with the direct source emission estimates (Fig. 1) assuming a positive trend in bioaccumulation potential with increasing chain length in all species. For biota where PFDA ! PFUnA and PFDoA ! PFTrA, the alternative hypothesis that atmospheric degradation of FTOHs is an important contributing source of longer chain PFCAs appears more consistent with monitoring data for PFCAs, assuming the FTOH reaction scheme in Ellis et al. [7] is correct. Following our previous discussion, it seems likely that the contribution of direct and indirect sources to biota will vary with location. If this hypothesis is correct then Greenland polar bears who ultimately receive contamination from the North Atlantic are more likely to have the direct source pattern (PFNA 4 PFOA; PFUnA 4 PFDA; PFTrA 4 PFDoA), whereas polar bears from inland areas are more likely to have the indirect source pattern (PFNA 4 PFOA; PFDA ! PFUnA; PFDoA ! PFTrA). The data for polar bears (Fig. 3b) do support this hypothesis with polar bears from inland areas (High Arctic, NW Territories and S. Baffin Island) showing the indirect source pattern, whereas those from Greenland show the direct source pattern.
It should be noted, however, that it is difficult to constrain the factor by which each additional -CF 2 -increases the bioaccumulative potential in wildlife (and hence the relative PFCA amplification at each trophic level) in the absence of empirical studies that are spatially and temporally contiguous. The paucity of reliable data in this regard is especially problematic when interpreting homologue patterns in higher trophic level organisms, particularly air-breathing animals that are exposed primarily through their diet.
Precipitation
Homologous patterns of PFCAs have been reported in precipitation from several northern hemisphere sites. [47, 49] Dreyer et al. [49] reported that in 450% of samples, PFOA levels were most abundant and in the remainder concentrations of PFHpA or PFNA were most abundant. PFHxA was reported to be the most abundant in only one sample. In ,90% of samples PFHpA was reported to be more abundant than PFHxA. PFCA homologues with less than five carbons were also observed (e.g. TFA, PFPrA, PFBA and PFPeA). [47, 49] Kwok et al. [47] reported that PFPrA was the third most abundant PFCA after PFOA and PFNA in Japanese, French and USA precipitation samples. PFCA homologues with more than nine carbons (PFDA and above) were mostly below limits of detection. Some researchers have also reported data for fluorotelomer acids (FTAs) and fluorotelomer unsaturated acids (FTUAs) in the continental precipitation studies. [47, 48] FTAs and FTUAs have also been found in precipitation and in Arctic lakes. [53] The presence of FTAs and FTUAs in precipitation and remote surface waters is evidence of a contribution from a fluorotelomer source, but the relative importance of this source has not been quantified. Simcik and Dorweiler [52] assert that the ratio of PFHp : PFO is a unique marker of the relative contribution of atmospheric versus non-atmospheric sources with higher PFHp : PFO ratios if the source is atmospheric and this is verified in precipitation where remote sites had the highest PFHp : PFO ratios.
Isomer profiles
The major industrial synthesis of PFCAs is accomplished primarily by one of two methods: electrochemical fluorination (ECF) and telomerisation. Products of these two synthetic processes can be distinguished on the basis of their associated structural isomers. ECF products are a mixture of structural isomers predominantly composed of the linear perfluoroalkyl chain (70À80%) with smaller quantities of branched chain isomers. Until 2002, 3M was the major global manufacturer of PFOA by the ECF process and accounted for ,80% of the global market. Structural isomers of PFOA have not been found to be a by-product of the telomerisation synthesis process because the linear geometry of the starting materials is apparently conserved in the product. Isomeric profiles of PFCAs thus may provide evidence of the relative importance of different industrial production sources to the environment, biota and humans. [76] Research has shown that isomer profiles of PFCAs, including PFOA and PFNA, are predominantly linear with a minor (5%) fraction consisting of branched isomers in Arctic polar bears livers and human blood serum [77, 78] and this was initially suggested to support the dominance of telomer-based exposure sources. However, toxicokinetic studies in rats indicate that branched isomers are eliminated substantially faster than linear isomers [79] [80] [81] demonstrating that the ratio of branched to linear isomers in serum samples cannot be directly compared with the Homologue patterns in biotic monitoring data covering the homologues of interest and selected from Houde et al. [75] : (a) in mysis, alewife, lake trout, rainbow smelt, and slimy sculpin [114] ; (b) in polar bears from the High Arctic, Western Arctic and Greenland and (c) in polar bears from the Canadian Arctic [115, 116] ; (d) in three seal species (D. C. G. Muir, M. Alaee, C. Butt, B. Braune, P. Helm, S. Mabury, G. Tomy, X. Wang, unpubl. data, 2004) [116] and one Arctic fox species [116] ; (e) in five bottlenose dolphin measurements. [117] (See the Accessory publication Table A5 for source data.)
isomer profile of technical mixtures. Isomeric profiles of PFOA in ocean waters are generally consistent with that of an ECF standard (20-30% branched), [82] with the exception of one sampling site in an industrialised harbour area (Tokyo Bay), where a pure linear source contributed over 50% of the PFOA. Surface waters from Lake Ontario displayed some variability in the branched to linear ratio of PFOA with ,29-73% of the input being attributable to ECF-based sources. [80] In contrast, monitoring data from the North American environment indicated that a linear source of PFOA was the predominant input in rain water (470%) and remote Arctic lakes (490%). [80] These first observations of isomer profiles are consistent with the hypothesis that historical ECF-derived emissions are the major source of PFOA to the oceans and water bodies with long residence times. [6, 11] However, the predominance of linear PFOA in precipitation and remote lakes indicates that remote environments receiving only atmospheric deposition reflect contemporary, rather than historical emission sources. Analysis of isomers is clearly a promising methodology for source elucidation (fingerprinting) that requires further investigation. However, caution is warranted before over-interpreting isomer patterns; differences in properties of isomers (e.g. solubilities, sorption and eliminated rates) are likely to influence the pattern in the environment and biota relative to the technical mixtures.
Temporal patterns in the environment and wildlife
In previous modelling studies [11, 20, 21] it has been predicted that direct emissions are largely responsible for the burden of PFCAs in Arctic surface water. Ocean transport models typically predict doubling times in the Arctic Ocean of ,7.5-10 years for PFOA surface water concentrations between 1975 and 2004. Furthermore, despite the estimated downturn in direct PFOA emissions in the early 2000s, Arctic seawater levels were predicted to increase until c. 2030 and then only slowly decline. The reason for this slow decline is that PFCAs are not degradable and will only be slowly removed by vertical mixing into the deeper oceans. It was noted by Wania [20] that irrespective of how the PFCAs are transported to the surface water of the Arctic Ocean (through ocean currents or via atmospheric degradation of precursors), the Arctic Ocean will have a very slow response time to changing emissions due to its long water residence time. The same slow response can be expected for other water bodies that have long water residence times (e.g. the Baltic Sea, which has a water residence time of 30 years). Faster responses to changing emissions can be expected for precursor concentrations in the atmosphere because they are relatively quickly removed by oxidation processes. Thus, environments that are affected mainly by atmospheric precursor sources and have removal mechanisms for PFCAs may show fast responses to changing precursor emissions. Furthermore, relatively fast response times to changing emissions can also be expected for PFCAs in water bodies with short residence times (e.g. rivers and coastal waters) that are in close proximity to the emission sources. Most studies of temporal patterns of long-chain PFCAs are conducted in biota due to the relative ease of detection in biota compared with in surface waters. Temporal patterns in biota are likely to follow the temporal patterns of PFCAs in water if exposure is derived via uptake of PFCAs. If exposure occurs via uptake of precursors and subsequent metabolism of the precursor to PFCAs, then the temporal pattern will be dependent on the temporal pattern of precursors in water. Precursor levels in water will respond more quickly to changing emissions due their potential for sea-air transport.
In this section we examine if time trend studies of PFCAs in biota support any of the above hypotheses. Numerous time trend studies have been undertaken globally. For the Arctic environment these have been thoroughly reviewed. [83] In this section, we summarise time trends for numerous Arctic biota and for biota from other regions in Table 1 . We also determine if we can draw any conclusions about the temporal patterns of precursors in air based on the numerous reported studies (Fig. 4) and discuss temporal patterns in Arctic deposition fluxes measured in an ice pack.
Temporal trend studies of PFCAs in biota universally show an increasing trend to 2000, but there are discrepancies in time trends reported after that period. Some studies on temporal patterns in Arctic biota report a levelling off or even in decline in the latter part of the 2000s (lake trout (M. S. Evans, D. Muir, G. Low, et al., unpubl. data, 2006); burbot (G. A. Stern and G. T. Tomy, unpubl. data, 2007); ringed seals from Arviat, Nunavut [84] ; beluga whales from Hendrickson Bay (G. Tomy, K. Pleskach, B. Rosenberg and G. Stern, unpubl. data, 2008)). It should be noted that the apparent decrease in these studies is not consistent for all PFCA homologues and the number of data points indicating a decrease are generally few. Therefore, it cannot be ruled out that confounding factors that are independent of chemical transport to the Arctic, contribute to a large interannual variability as seen in temporal trends for PFOS in the Baltic Sea. [85] Several studies show a continued increasing trend in Arctic concentrations throughout the study period (thickbilled murres and northern fulmars [86] ; polar bear livers [87] [88] [89] ; ringed seals from Resolute Bay, Nunavut [84] ; and from Greenland (F. Riget et al., unpubl. data); seabirds [90] ; beluga from Pangnirtung G. Tomy, et al., unpubl. data, 2008) . It is notable that some species show diverging time trends in recent years in different regions (e.g. ringed seals and beluga whales). Continued monitoring of the areas indicating decreasing concentrations is therefore strongly recommended in order to produce more statistically robust time trends. If the discrepancies in time trends are supported by additional data, they may indicate a difference in the relative importance of indirect and direct sources in different locations. Furthermore, previous modelling studies have possibly over-simplified the complexity of ocean transport within the Arctic Ocean. It is known that the European and North American Arctic are affected by distinct ocean waters; the water in the Canadian Archipelago and northern Hudson Bay is of Pacific origin, whereas the water in the European Arctic is mainly influenced by Atlantic Ocean waters. [91, 92] It is notable that those studies where decreasing trends have been reported in the Arctic biota are either inland (lake trout, burbot) or from areas of the Arctic Ocean affected by Pacific Ocean waters (ringed seals from Arviat, Nunavut or beluga whales from Hendrickson Bay).
If the transport of PFCAs to certain inland areas of the Arctic where declines in biota concentration have been observed is from atmospheric deposition, then we would expect to see a temporal decline in atmospheric deposition of precursors in air and deposition in recent years. Fig. 4 shows a compilation of measured atmospheric concentrations of major PFCA precursors for different years. In general Fig. 4 shows no apparent decline in FTOHs or POSF-based precursor compounds in recent years, indicative of on-going sources of these compounds. However, there are currently to our knowledge no long-term continuous monitoring activities that can be used to create proper time trends [97] Lake trout Lake Ontario, Canada 79, 83, 88, 93, 98, 04 m88k98-m88k98m m88k98m m88k98m m88k98m m88k98m NR [99] in atmospheric precursor levels and the mixed data set contained in Fig. 4 should not be over-interpreted. Because the data in Fig. 4 originate from different locations and seasons with no concentrations reported before 2001, it cannot be ruled out that any true decrease in POSF precursor concentrations is masked by seasonal and regional variability or an insufficient time span of the data. Nevertheless, we would not expect to observe a strong decline for FTOHs where on-going production sources are documented. [6] However, for POSF-based precursor compounds, a marked decrease after 2000-2002 reflecting reduced emissions might be expected. [21] In fact, ice core data from the high Arctic show that deposition of PFOS decreased by a factor 3-4 after 2002, [93] indicating decreasing concentrations of POSF precursors in the atmosphere. On the other hand, there are certainly on-going sources of POSF-based precursors from: (a) other ongoing manufacture of POSF-based chemical products (e.g. in Asia); (b) from products manufactured historically by 3M that have long lifetimes; and (c) emissions of residual precursors in landfill sites where waste products reside (L. Ahrens, M. Shoeib, S. C. Lee, T. Harner, unpubl. data, 2010). [93, 94] Eliminating emissions of POSF-based precursors is expected to take many more years.
For biota from temperate regions there are also contrasting time trends reported. For ringed seals in the German Bight of the North Sea, a slight decrease in PFOA concentrations has been observed between 1999 and 2008. [95] However, no trend in concentrations was observed for PFNA to PFTrA. [95] For loggerhead turtles on the East coast of the US there has been a significant, albeit slow, decline in PFNA concentrations between 2000 and 2008. [96] In stranded whales along the Japanese coast, the concentrations of PFNA to PFDoA increased between 1982 and 2001-02 whereas no clear change in concentration was observed between 2001-02 and 2006. [97] Liver [118] ; Long Point, Canada, 0111 [119] ; Cleves, US, 0111 [119] ; Waldhof, Germany (GR), 0505 [120] ; North Atlantic-Canadian Archipelago (AC), 0507 [23] ; Sample 2 to 5, S2, 0510, S3, 0510, S4, 0510, S5, 0511 [37] ; Kjeller, Norway (NW), 0512 [121] ; Mace Head, Ireland (IR), 0603 [121] ; Mount Bachelor Observatory, US, 0604 [122] ; Middle Atlantic (MA), 0704 [123] ; Bermuda (BE), 0707 [124] ; Sable Island, Canada (SI), 0707 [124] ; research vessel route, Longyearbyen, Norway-Kiel, Germany (LK), 0708 [123] ; research vessel route, Bremerhaven, Germany-Cape town, South Africa (BR), 0710 [123] ; German Bight Atair 155 3-6, 0711 [125] ; research vessel route, Rostock, Germany-Tallinn, Estonia-Kiel, Germany (RTK), 0806. [123] (See the Accessory publication Table A5 for more details.)
samples of Baikal seals displayed slightly higher concentrations of PFNA and PFDA in 2005 compared with 1992, although the difference was statistically significant only for PFDA. [98] A temporal trend performed on Lake Ontario trout indicated a peak in concentrations for PFNA to PFTA in 1988 followed by an apparent, but not statistically significant, decline until 2004. [99] In coastal environments and lake systems that were affected by direct sources of PFCAs before the phase out of POSF in 2000-2002, emission reductions are expected to cause a faster time response compared with the Arctic. [11] Recently, Zushi et al. [65] reported decreasing levels of PFOS and POSF-based precursors in Tokyo Bay as a consequence of emission reductions. However, concentrations of PFOA continued to increase after the POSF phase out indicating the presence of local telomerbased sources. [65] In contrast to these studies performed on limnic or marine ecosystems, Swedish Peregrine Falcon eggs collected between 1974 and 2007 in South-Western Sweden displayed an increasing trend for PFNA, PFDA, PFUnA, PFDoA, PFTrA, PFTeA and PFPeDA over the study period.
[85] Ahrens et al. [100] examined the temporal patterns in eggs of another terrestrial bird species, the tawny owl, from Central Norway collected over a 24 year period (1986-2009). These authors observed a significant increase in PFDA, PFUnA, PFDoA and PFTriA concentrations with a 4.2-12% increase observed over the study period. These two terrestrial bird studies provide consistent results and are also consistent with the expected lack of decrease in atmospheric deposition of PFCAs, as discussed by Schenker et al. [21] Time trends of PFCAs in human serum may also be used to formulate hypotheses regarding environmental and consumer product based exposure sources. For PFOA, significant decreasing time trends have been observed in human serum in several industrialised countries after year 2000. [101] [102] [103] [104] [105] As noted in the previous section, a rapid decrease, corresponding to ,50% of the estimated the elimination rate, of PFOA in human serum is inconsistent with time trend studies in wildlife, regardless of location. In previous work [106] it has been suggested that the decreasing human serum concentrations of PFOA can be linked to POSF-based consumer that were phased out in 2000-02. Thus the recently observed decline in human serum of PFOA is not believed to reflect an overall decrease in environmental concentrations. In contrast to PFOA, the longer chain PFCAs (PFNA, PFDA and PFUnA) show steady or slightly increasing concentrations after 2000, which is more consistent with trends in wildlife and environmental emissions.
Conclusions
In summary, mass balance modelling, homologue patterns and isomer profiles in ocean water and the majority of temporal trend data are uniformly consistent with the hypothesis that direct sources can account for the majority of PFOA and PFNA present in the global environment. However, similar mass balance calculations for longer chain length PFCAs (PFDA and higher) are complicated by the fact that they are generally not detectable in ocean water samples. Although present in biota, it is not possible to reconcile the homologue pattern of long-chain PFCAs in biota with the estimated pattern in direct sources. Thus, it appears probable that the importance of indirect sources increase for longer chain PFCAs (PFDA and higher).
Fresh waters that are not affected by direct manufacturing sources will be affected by PFCA-laden municipal and industrial wastewaters and from PFCA-laden runoff from precipitation. Inland environments (inland lakes, remote streams, soils, the High Arctic) will be primarily affected by precipitation, but the ultimate origin of the PFCAs in the deposition is uncertain; it could be from direct (manufacturing), indirect (precursor) sources or both. To fully explore the potential contribution of indirect sources to air and deposition, additional precursors of PFCAs need to be included in future mass balance model calculations including fluorotelomer olefins, fluorotelomer iodides, fluorotelomer acrylates and perfluoroalkyl phosphates (PAPs), which are known to degrade and form PFCAs. [7, 19, 59, 107] Time trend studies for biota show contrasting results. However, in remote (e.g. Arctic) areas, with few exceptions, there is a generally increasing trend of PFCAs in aquatic biota, which is expected according to our source emission and model understanding.
In more populated regions, the variable total concentrations, homologue patterns and isomer profiles indicate that multiple sources (direct and indirect) contribute to PFCA contamination. There have been few temporal studies conducted adjacent to obvious historical sources. Decreasing time trends of PFCAs are observed in biota in some coastal regions where there is likely to be a faster response to recent declines in emissions. There appears to be ongoing sources of POSF-based precursors despite the phase out nearly 10 years ago. The increasing direct and indirect sources from the manufacture and use of perfluorinated chemistry in Asia suggest the likelihood of higher environmental contamination in this region in the future and represent and area where future temporal studies should be conducted.
